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A key characteristic of quantum spin liquids(QSL) is the presence of fractional excitations
related to their entanglement properties, yet experimental verification of their statistics is
missing.1–4 For example, in the potential Kitaev spin liquid, α-RuCl3, experiments uncovered
signs of fractional particles,5–12 though not their Fermi statistics. Here we employ Raman
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scattering to reveal the true nature of the magnetic excitations, using improved experimen-
tal methods and analysis to remove the influence of laser heating and thermal fluctuations.
Via the energy loss and gain spectra, we extract the energy and temperature dependence
of the Raman susceptibility to prove α-RuCl3’s magnetic response is given by pair creation
of fermionic excitations. Furthermore, by comparing with quantum Monte Carlo (QMC)
results for the exact Kitaev limit, we are able to discern the energy and temperature range
where additional interaction terms are important. Our results open new directions in QSL
research by providing a new way to investigate fractional excitations and the importance of
terms causing spinon confinement.
Correlated materials can serve as new vacua out of which novel particles appear as collec-
tive modes. For example, in magnetic insulators the breaking of time reversal symmetry below
the ordering temperature leads to the emergence of magnons. Qualitatively distinct are fractional-
ized excitations in frustrated magnets that cannot be understood as simple local combinations of
quantum numbers of the materials’ constituents. These have long been sought after in quantum
spin liquids (QSL) where long-range entanglement and non-trivial topology produce elementary
excitations that are non-local in terms of spin flips1–4. QSL excitations come in a rich variety, e.g.
fermions, bosons, or even anyons, with elevated energy and temperature scales that make these
particles promising building blocks for fault tolerant topological quantum computers4. However,
establishing that the excitations are indeed fractional in QSL, has been a long standing challenge.
In part, the difficulty arises from the need to separate the response from other contributions (e.g.
phonons) to clearly reveal their fermionic or anyonic statistics. This has been further compounded
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by the lack of exactly solvable models that can be directly compared with experiments and methods
that uncover the effects of additional terms relieving frustration.
Attention has focused on relativistic Mott insulators that could realize the exactly solvable
Kitaev model. In materials such as AIrO313–16 and α-RuCl317, the large spin-orbit coupling and
Coulomb repulsion result in jeff = 1/2 moments on the honeycomb lattice. Similar to Kitaev’s
original proposal,4 these result in an Ising type interaction whose component depends on the par-
ticular bond connecting the two effective spins. The resulting excitations, created by spin flips, are
Z2 gauge fluxes and dispersive Majorana fermions. However, the presence of additional Heisen-
berg and other bond-dependent terms typically leads to magnetic order in these compounds.9, 18
In α-RuCl3, the application of a magnetic field destroys the antiferromagnetic order and there
is mounting evidence for proximity to a quantum spin liquid state.6, 10 Nonetheless, whether the
excitations have fractional statistics and over what energy and temperature range has not been
established.
Dynamical scattering experiments can confirm the presence of fractional particles in QSL by
probing their creation and annihilation, dictated by their kinematics and statistics.5, 19 Similar to
asymptotic freedom in quantum chromodynamics, above the magnetic ordering temperature frac-
tionalized excitations may dominate the short time (higher frequency) behavior of materials with a
nearby QSL phase.5 Raman scattering is extremely useful in this regard, as it can study magnetic
excitations’ symmetry and statistics20 with high energy and temperature resolution, even in single
2D atomic layers.21, 22 Indeed, the Raman susceptibility could confirm the fractional nature of the
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excitations via the temperature and energy dependence of their mutual statistics (i.e. being gov-
erned by Fermi functions). Raman scattering was the first to reveal the continuum from magnetic
excitations in α-RuCl3,19 and the temperature dependence was invoked to suggest the excitations
are fermionic23, 24. While the presence of a continuum in α-RuCl3 is well established,5, 8, 10, 12, 25 it
has been argued that the continuum may be a result of strongly interacting magnons9 rather than
fractional excitations. Furthermore the role of the non-Kitaev terms remains controversial. In par-
ticular, previous Raman efforts have been plagued by laser heating19 from the large incident power
required to observe the low intensity continuum. While others claimed a fermionic response at
room temperature due to a lack of clear separation of the bosonic contribution24. Moreover, these
focused strictly on the integrated Raman intensity that was contaminated by a Bose factor.
We overcome these previous limitations with new anti-Stokes spectra and a unique frame-
work to prove the fractional nature of the excitations in α-RuCl3 via their statistical properties.
With enhanced signals we could minimze the laser power and ensure the absence of unwanted
heating via both energy gain as well as loss measurements. These are then combined to reveal
the Raman susceptibility, where the continuum is unambiguously separated from bosonic ther-
mal fluctuations. As such, the Raman susceptibility provides direct evidence that the energy and
temperature dependence of the magnetic excitations in α-RuCl3 are governed by Fermi statistics.
Surprisingly, despite the presence of other terms and high temperatures relative to the flux gap, we
find good agreement with the simple prediction of fractional particles governed by Fermi statis-
tics. Using this result we also extract the joint density of states and find it is nearly independent
of temperature as well as energy, consistent with numerical calculations.26 Direct comparison with
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QMC calculations for the Kitaev model reveals the very low energy and temperature response orig-
inates from additional terms in α-RuCl3. Thus our new approach solidifies the wide energy and
temperature range over which the magnetic excitations in α-RuCl3 are fermionic. Furthermore our
procedure can be used to identify the fractional nature and nontrivial statistics of QSLs.
In inelastic light scattering, the measured intensity is determined by group theory, Fermi’s
golden rule, and via the fluctuation-dissipation theorem, related to the Raman susceptibility (Im(χ[ω, T ]))
times a Bose function20. In magnets this can produce peaks from single magnons, broad features
reflecting the two-magnon joint density of states, or quasi-elastic scattering (QES) from thermal
fluctuations19, 27. For the Kitaev QSL, Raman excites predominantly pairs of fractional particles in
the energy range considered here(≈ 0.5JK < h¯ω <≈ 2JK), leading to the energy loss (IS[ω, T ])
and gain (IaS[ω, T ]) intensities23, 28:
IS[ω, T ] = Im(χ[ω, T ])(nB[ω, T ] + 1) = JDos[ω, T ](1− nF [ω, T ])2
IaS[ω, T ] = Im(χ[ω, T ])(nB[ω, T ]) = JDos[ω, T ](nF [ω, T ])
2
where nB/F [ω, T ] are the Bose/Fermi distributions and JDos[ω, T ] is approximately given
by the joint density of states from the fractional particles.
As shown in the supplemental, the fermionic response written above is consistent with
the fluctuation dissipation theorem with the presence of time-reversal symmetry, requiring
IS[ω, T ]/IaS[ω, T ] = e
h¯ω
kBT
20, 29. This detailed balance analysis also allows us to confirm another
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crucial challenge in Raman measurements. Specifically, the extremely small Raman signals along
with the low specific heat and thermal conductivity of α-RuCl3 suggest the required laser power
may lead to significant heating. Indeed, we have found previous experiments likely suffered from
significant laser induced heating, especially at low temperatures (see supplemental). One may sus-
pect the apparent small upturn below 100 K in the Raman intensity of the continuum may only
have been the result of laser induced heating instead of Fermi statistics. Furthermore, unless the
temperature is well known, it is difficult to directly compare with the theoretical prediction for
fractional statistics. In our current work we have made substantial improvement to the thermal
anchoring and collection efficiency to allow for much lower laser fluency. In addition we have
measured the anti-Stokes spectra such that we can employ detailed balance to check the actual
temperature. In Fig. 1d, we compare the anti-Stokes intensity and Stokes intensity times a Boltz-
mann factor with the measured temperature. The excellent agreement between them reveals that
there is nearly no heating in the laser spot and thus we can use the measured crystal temperature.
Unlike previous studies19, 24, our new measurement limits the possibility of laser heating to explain
the low temperature upturn and confirms the sample is in detailed balance.
Returning to the statistics of the excitations in α-RuCl3, those governed by a Bose factor
are best investigated via Im(χ[ω, T ])20, 27, 29, 30. Using our new anti-Stokes spectra we are able
to directly determine the Raman susceptibility from the difference between the Stokes and anti-
Stokes intensities (IS − IaS = Im(χ[ω, T ]) = JDos[ω, T ](1 − 2nF (ω, T ))). We explore the
possibility that the susceptibility and thus the excitations are purely fermionic in Fig. 1a, which re-
moves the dark counts by showing the difference susceptibility: ∆Im(χ[ω, T ]) = Im(χ[ω, T ])−
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Im(χ[ω, 150 K]), and is limited to a range below the Raman active phonons24, 31. The utility of
such an analysis is quite clear: namely the energy and temperature extent of the continuum can
be directly observed - without contributions from high temperature quasi-elastic fluctuations or
phonons. Beyond the continuum we can directly observe the crossover from spin liquid-like be-
havior (i.e. fractional continuum) to a standard paramagnet. Indeed, ∆Im(χ[ω, 150 K ≤ T ≤
200 K]) is constant, as expected for a paramagnet. As discussed later, the response at high temper-
ature is consistent with quasi-elastic scattering. Specifically, the Lorentzian at zero energy results
from thermal fluctuations of the magnetism that confirm the magnetic specific heat is consistent
with a standard paramagnet at high temperatures.
In addition to the continuum, these data directly confirm the presence of fractional exci-
tations. We find excellent agreement between ∆Im(χ[ω, T ≤ 150 K]) and that expected for
particles governed by Fermi statistics: ∆nF [ω/2, T ] = nF (ω/2, 150 K) − nF (ω/2, T ), without
the need to subtract any background from the quasi-elastic scattering. This is directly shown in
Fig. 1c, which has constant temperature cuts of the data shown in Fig. 1a, along with the cal-
culated ∆nF [ω/2, T ]. The excellent agreement between the data and Fermi functions with half
of the scattering energy confirms the presence of pairs of identical, fractional particles. This ap-
proach relies on a nearly energy and temperature independent JDos[ω, T ], the presence of which
we confirm later. To wit, this flat density of states of the fractional particles is consistent with
numerical calculations for the Kitaev system at temperatures above the flux gap26. We addition-
ally performed the same analysis in another honeycomb system Cr2Ge2Te6 (Fig. 1b), grown by
established methods and is ferromagnetic below 60 K with a similar Curie-Weiss temperature as
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α-RuCl332. The behavior of Cr2Ge2Te6 is the exact opposite of α-RuCl3, namely, ∆Im(χ[ω, T ])
is negative throughout the whole measured range and decreases upon cooling.
Beyond establishing the presence of fractional particles, our new data set provides additional
insights into the importance of non-Kitaev terms in α-RuCl3. Indeed, it is somewhat surprising
to find fractional response in a material known to order anti-ferromagnetically at low tempera-
tures. This order has been attributed to the presence of additional symmetry allowed terms, such
as Heisenberg or off-diagonal exchange.9, 18, 33 To better understand the role of Kitaev versus other
terms, we calculated the Raman response in the pure Kitaev limit using quantum Monte Carlo
(QMC). The resulting Raman susceptibility for a pure Kitaev model is shown in Fig. 2a, which is
quite similar to the measured data (Fig. 1a) at high energy and/or temperature. To confirm this we
directly compare the QMC and the Raman response at 10 and 40 K in Fig. 2b and c. To account
for the contribution of the 15 meV phonon we add a Lorentzian fit of the phonon to the QMC
calculation. The total fit shows very good overlap with the spectra between 6 to 13 meV at 10
K, and excellent agreement at all measured energies for 40 K. At low temperatures and energies
the measured Raman intensity is larger than the prediction of the QMC. We attribute this discrep-
ancy to the presence of the additional, weaker terms, consistent with recent exact diagonalization
calculations.34 As such, our combined theoretical and new Raman results confirm the presence of
fractional excitations on short time scales (i.e. high energies) in α-RuCl3, likely from its proximity
to a quantum spin liquid state.
To ensure our approach is self-consistent it is highly desirable to also analyze the integrated
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Raman response, as done previously in α-RuCl3 and Li2IrO3.19, 23, 24 Nonetheless, it is also crucial
to find a reliable method to separate the quasi-elastic response from the continuum such that it
can be independently studied and further confirm the presence of Fermi statistics. This is now
possible using both the polarization and Stokes minus anti-Stokes spectra (Im[χ[ω, T ]]). Since
the continuum has equal weight in both polarizations19, 28 it can be removed via their difference:
∆IS/aS[ω, T ] = I
XX
S/aS[ω, T ] − IXYS/aS[ω, T ]. As seen in Fig. 3a, ∆IS/aS[ω, T ] is consistent with
thermal fluctuations (i.e. QES)27, 30, namely a Lorentzian whose amplitude is given by the mag-
netic specific heat (Cm[T ]) times temperature and appropriately weighted Bose factors (i.e. greater
Stokes than anti-Stokes intensity). Next we determined the QES amplitude via the spectral weight
(SW) of the Raman susceptibility: SWQES[T ] =
∫
χQESXX [ω, T ]−χQESXY [ω, T ]dω =
∫
dE∆χ. Con-
sistent with direct fits of the ∆IS/aS[ω, T ] (see supplemental) and robust to the limits of integration
(as long as phonons are not included), we find SWQES[T ] ∝ T (see Fig. 3b). This suggests the
magnetic specific heat is temperature independent, as expected for a classical paramagnet at high
temperatures. Since the QES signal is nearly zero in χ[ω, T < 150 K], this confirms the Raman
susceptibility (and not the intensity) naturally separates the QES from the continuum. Thus our
new measurements reveal the energy/temperature range over which the excitations are fractional
without contributions from other bosonic modes.
Having isolated the QES and found its temperature dependence, we determine the tempera-
ture bounds of the Fermi statistics. Specifically, we investigate the difference between the Stokes
and anti-Stokes SW in a given polarization (∆SW [T ] =
∫
(IS[ω, T ] − IaS[ω, T ])dω), which in-
cludes the integrated Fermi function from the fractional excitations and the QES contribution (see
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supplemental). As shown in Fig. 3c & d for two different polarizations, the integrated weight fol-
lows the expected response for pairs of fermionic excitations until T ≈ 150 K where it crosses
over to a linear temperature dependence from the QES. The fermionic response is equal in both
polarizations, consistent with the Kitaev model28. Thus with just three parameters, one fixed by
the lowest temperature, we fully explain the SW for all energy ranges, temperatures, and polariza-
tions. To further confirm this, we tried the same analysis on our new Cr2Ge2Te6 data. As shown
in Fig. 3e& f the difference between the Stokes and anti-Stokes of Cr2Ge2Te6 cannot be fit with a
Fermi function at all. Thus the results presented in Fig. 3c,d provide a quantitative confirmation of
the presence of fractional excitations up to high temperatures.
To further confirm these Fermi signatures we return to the expected Stokes and anti-Stokes
Raman intensities. So far we focused on the difference between Stokes and anti-Stokes as it re-
moves the Bose factor. However for fermions obeying the Pauli exclusion principle we expect their
sum to be conserved. Since Raman creates pairs of fermions, we find that if we add the square root
of the Stokes intensity with the square root of the anti-Stokes intensity, the Fermi factor is re-
moved. Thus we introduce the quantity Isum[ω, T ] = (
√
IS[ω, T ] +
√
IaS[ω, T ])
2 = JDos[ω, T ]
(see Fig. 4a ). The resulting quantity provides both an important check of the Fermi statistics and
new information on the joint density of states of the fractional particles that has so far been elusive.
We find the low temperature Isum[ω, T < 150 K] is relatively temperature and energy independent
over almost an order of magnitude of Raman shift (3.6 meV < h¯ω < 12 meV ), consistent with
QMC prediction in Fig. 4b. Thus our results suggest that at temperatures well above the flux gap,
α-RuCl3 behaves as a Majorana metal with a featureless density of states.
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The sum of the responses at low temperatures is in stark contrast to the high temperature
bosonic response resulting from the crossover to a normal paramagnet. As shown in Fig. 4a,
Isum[ω, T > 150K] displays a low energy divergence that grows with heating due to the thermal
fluctuation of the magnetic system (QES). This is consistent with the predicted response for bosons
(Fig. 4c), where a constant Raman susceptibility is assumed. As expected for particles without the
Pauli-exclusion principle, there is no conservation of particle number and a strong enhancement of
the signal.
The Raman susceptibility, rather than the intensity of the Stokes and anti-Stokes spectra
(Figs. 1), provides direct evidence that the magnetic excitations in α-RuCl3 are fractional, fol-
lowing Fermi statistics. Alternatively, if Fermi statistics is assumed, the extracted joint density of
states, shown in Fig. 4, is nearly flat and temperature independent. At higher temperatures and en-
ergies, these results are consistent with calculations in the exact Kitaev limit, deviating only at low
energy and temperature due to additional terms. Thus our results provide concrete evidence for the
fractional nature of the excitations at short time scales, due to proximity to a QSL state. We note
this is also at energies and temperatures above the flux gap, suggesting the fractional excitations
and their Fermi statistics are robust on shorter time scales than those associated with other terms
of fluxes. By comparing with QMC calculations we suggest the energy and temperature bounds
of non-Kitaev terms in α-RuCl3. We thus establish the Raman susceptibility as a new standard for
determining the fractional nature of the excitations. As such the measurement of the Raman sus-
ceptibility can be used to probe the transition with external perturbations into the pure spin liquid
state.
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Figure 1: The normalized Raman susceptibility and detailed balance (a) Raman susceptibility
of RuCl3, ∆Im[χ(ω, T )] = Im[χ(ω, T )]− Im[χ(ω, 150 K)]). The curves with black outlines are
the contour plot of Fermi functions (∆nF (ω/2, T ) = nF (ω/2, 150)− nF (ω/2, T )). Both data and
the prediction are normalized to their maximum values. The agreement between the two confirms
that Raman creates magnetic excitations that are made of pairs of fermions. The upturn of the
Raman intensity in the high temperature and low energy range results from thermal fluctuations of
the magnetism (quasi-elastic scattering). (b) Raman susceptibility of a similar magnet, Cr2Ge2Te6,
where opposite to α-RuCl3, ∆Im[χ(ω, T )] is negative and does not match nF (ω, T ). (c) Com-
parison of nF (ω, T ) and ∆Im[χ(ω, T )] of RuCl3 at fixed temperatures. The agreement further
confirms the excitations are fermionic. (d) The excellent agreement between Stokes and anti-
Stokes spectra of α-RuCl3 when normalized by the Boltzmann factor demonstrates the absence of
laser heating. 12
Figure 2: Effects of non-Kitaev Terms (a) Predicted Raman susceptibility for the pure Kitaev
limit using QMC, where ∆Im[χ(ω, T )] = Im[χ(ω, T )] − Im[χ(ω, 150 K)]). (b) The measured
intensity in XX polarization of α-RuCl3 (black line) compared with the calculated result of the pure
Kitaev limit (shaded red) and a Lorentzian phonon (solid blue). The total fit (bold orange) deviates
at low energies for the 10 K data, due to non-Kitaev terms. (c) By 40 K there is nearly perfect
agreement, which indicates the non-Kitaev terms are not relevant in this energy and temperature
range.
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Figure 3: Limit of Fermi statistics (a) The continuum in α-RuCl3 due to fractional particles is
removed by taking the difference between XY and XX intensities. This confirms the continuum
is consistent with predictions of the Kitaev model, and the high temperature response is from
quasi-elastic scattering (i.e. Lorentzian times a Bose factor). (b) The integration of the Raman
susceptibility with only the quasi-elastic scattering response, reveals a linear T behavior above 150
K and temperature independent behavior below. (c & d) Integrated spectral weight of Im[χ(ω, T )],
reveals Fermi statistics in α-RuCl3 below ≈ 100 K (solid red line) in XX and XY polarizations.
Above 130 K the response is linear in temperature due to the quasi-elastic scattering (yellow lines).
The spectral weight from Cr2Ge2Te6 (e & f) is enhanced up to TC (blue dashed line) but the
temperature dependence above does not fit that expected for fermions (solid red line).
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Figure 4: Joint Density of States (a) The joint density of states, assuming the response is governed
by fermi statistics. Plotted is Isum[ω, T ], the sum of the loss and gain intensity, which is nearly
temperature independent for T < 150K. This is consistent with the QMC (b) results for the Kitaev
model. For the full temperature range, Isum reveals an upturn from thermal fluctuations, which is
consistent with the pure Bose function calculation (c).
15
Methods
RuCl3 crystal growth, handling and characterization. Single crystals of α-RuCl3 were prepared
using high-temperature vapor-transport techniques from pure α-RuCl3 powder with no additional
transport agent. Crystals grown by an identical method have been extensively characterized via
bulk and neutron scattering techniques35–37 revealing behavior consistent with what is expected for
a relativistic Mott insulator with a large Kiteav interaction7, 9, 11, 12, 17, 25, 31, 33, 38–43. The crystals have
been shown to consistently exhibit a single dominant magnetic phase at low temperature with a
transition temperature TN ≈ 7 K, indicating high crystal quality with minimal stacking faults35.
Care was taken in mounting the crystals to minimize the introduction of additional stacking faults,
as evidenced by the high reproducibility of the spectra across different crystals and experimental
setups. Characterization was consistent with previous studies8, 10, 17, 44.
Raman spectroscopy experiments. Since Raman scattering involves a photon in and photon out,
it allows one to measure both the symmetry and energy change of an excitation. Furthermore,
one can choose an energy and/or symmetry channel to separate the magnetic, electronic and lat-
tice responses19, 20, 20, 23, 24, 27, 30, 45. The majority of the Raman experiments were performed with a
custom built, low temperature microscopy setup46. A 532 nm excitation laser, whose spot has a
diameter of 2 µm, was used with the power limited to 30 µW to minimize sample heating while
allowing for a strong enough signal. The sample was mounted by thermal epoxy onto a copper xyz
stage. At both room and base temperature the reported spectra were averaged from three spectra in
the same environment to ensure reproducibility. The spectrometer had a 2400 g/mm grating, with
an Andor CCD, providing a resolution of ≈ 1 cm−1. To minimize the effects of hysteresis from
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the crystal structural transition, data was taken by first cooling the crystal to base temperature, and
once cooled to base temperature, spectra were acquired either every 5 or 10 K by directly heating
to that temperature. The absence of hysteresis effects was confirmed by taking numerous spectra at
the same temperature after different thermal cycles (100 K in the middle of the hysteresis region).
In addition, recent studies of the Raman spectra of RuCl3 suggest an effect of the surface struc-
ture upon exposure to air47, 48. To minimize this, crystals were freshly cleaved and immediately
placed in vacuum within three minutes. Moreover, a recently developed wavelet based approach
was employed to remove cosmic rays49.
Quantum Monte Carlo Calculations. The Hamiltonian of the Kitaev model on the honeycomb
lattice is given by
H = −Jx
∑
〈jk〉x
Sxj S
x
k − Jy
∑
〈jk〉y
Syj S
y
k − Jz
∑
〈jk〉z
SzjS
z
k , (1)
where Sj represents an S = 1/2 spin on site j, and 〈jk〉γ stands for a nearest-neighbor (NN)
γ(= x, y, z) bond shown in Fig. 1a. In the calculation for the spectrum of the Raman scattering we
adopt the Loudon-Fleury (LF) approach. The LF operator for the Kitaev model is given by
R =
∑
〈ij〉α
(in · dα)(out · dα)JαSαi Sαj , (2)
where in and out are the polarization vectors of the incoming and outgoing photons and dα is the
vector connecting a NN α bond28, 50. Using this LF operator, the Raman spectrum is calculated as
I(ω) =
1
N
∫ ∞
−∞
dteiωt〈R(t)R〉, (3)
where R(t) = eiHtRe−iHt is the Heisenberg representation. The temperature dependence of I(ω)
is numerically evaluated using the Monte Carlo simulation in the Majorana fermion representation
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without any approximation51. In the following we show the details of the calculation procedure23.
Using the Jordan-Wigner transformation, the Hamiltonian is mapped onto the Majorana
fermion model as
H = iJx
4
∑
(jj′)x
cjck − iJy
4
∑
(jj′)y
cjck − iJz
4
∑
(jj′)z
ηrcjck, (4)
where (jj′)γ is the NN pair satisfying j < j′ on the γ bond, and ηr is a Z2 conserved quantity
defined on the z bond (r is the label for the bond), which takes ±1. This Hamiltonian is simply
written as
H = 1
2
∑
jk
Ajk({ηr})cjck, (5)
using the Hermitian matrix Ajk({ηr}) depending on the configuration of {ηr}. The LF operator
shown in Eq. (2) is also given by the bilinear form of the Majorana fermion:
R({ηr}) = 1
2
∑
jk
Bjk({ηr})cjck, (6)
where B({ηr}) is a Hermitian matrix. To evaluate Eq. (3), we separate the sum over the states into
{cj} and {ηr} parts:
I(ω) =
1
Z
∑
{ηr=±1}
I¯(ω; {ηr})e−βFf ({ηr}), (7)
with
I¯(ω; {ηr}) = 1
Zf ({ηr})Tr{cj}
[
1
N
∫ ∞
−∞
dteiωtR(t; {ηr})R({ηr})e−βH({ηr})
]
, (8)
where Z =
∑
{ηr=±1} e
−βFf ({ηr}) and Zf ({ηr}) = e−βFf ({ηr}) = Tr{cj}e−βH({ηr}). By applying
Wick’s theorem to Eq. (8), we calculate the Raman spectrum at ω(6= 0) for a given configuration
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{ηr} as
I¯(ω; {ηr}) = 1
N
∑
λλ′
[
2pi|Cλλ′ |2f(ελ)[1− f(ελ′)]δ(ω + ελ − ελ′)
+ pi|Dλλ′ |2[1− f(ελ)][1− f(ελ′)]δ(ω − ελ − ελ′)
+ pi|Dλλ′ |2f(ελ)f(ελ′)δ(ω + ελ + ελ′)
]
, (9)
where f(ε) = 1/(1 + eβε) is the Fermi distribution function with zero chemical potential, {ελ} is
the set of the positive eigenvalues of A with the eigenvectors {uλ}, and the matrices C and D are
given by Cλλ′ = 2u
†
λBuλ′ and Dλλ′ = 2u
†
λBu
∗
λ′ . In the Monte Carlo simulations, we generate
a sequence of configurations of {ηr} to reproduce the distribution of e−βFf ({ηr}), and hence the
finite-temperature spectrum is simply computed as I(ω) = 〈I¯(ω; {ηr})〉MC with 〈· · · 〉MC being
the Monte Carlo average.
Correction for optical constants. According to the Beer-Lambert Law, the intensity of the laser
decreases exponentially with the depth: I[z] = I0e−αz, where d is the depth and α is the at-
tenuation constant, which is a function of laser frequency and dielectric constant of the material
(α = ω
c
Im[n˜(ω)] = −4piE[ω0]
hc
k[ω0]). Alternatively one can express this in terms of a penetration
depth indicating the length scale relevant to absorption: δ = 1
α
. Applying this to our experi-
ment, for a certain depth d, we find the incident laser intensity as a function of distance from
the surface, Iin[ω0, z] = I0e−
4piE[ω0]
hc
k[ω0]z. Here, ω0 is the frequency of the excitation laser, I0 is
the initial incoming laser power in front of the sample,and δ(≈140 nm) is much shorter than the
thickness of α-RuCl3 bulk crystal. To properly account for the temperature dependence of the op-
tical constants on the measured Raman signal, it is crucial to account for these absorption losses.
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Specifically the measured intensity is reduced by the absorption of the outgoing Raman photons,
(i.e. Iout[ω, ω0, z] = Iin[ω0, z]e−
4piE[ω]
hc
k[ω]z) where ω is the frequency of the scattered light. Further-
more, one should also consider the probability of transmission at the surface of α-RuCl3 (T [ω]),
which also depends on the Raman light frequency. Applying the transmission rate to the Raman
signal, we obtain the Raman intensity coming out of the sample at each point IRaman[ω, ω0, z] =
Iout[ω, ω0, z] ∗ T [ω]. Finally, one obtains the signal intensity by integrating the attenuated inten-
sity of scattering point at each depth via Icorrected[ω0, ω] =
∫ dmax
0
IRaman[ω, ω0, z]dz
46, 52, 53. All
presented Raman data in this paper are corrected by this method using the previously published
optical constants54.
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